The determinations of flexural behavior of some engineering structures are based on different theories and equations, but it has been observed that some of these equations may not give true representation. This work has looked into the difference that may occur between theoretical and experimental results. An experimental test carried out on models of waffle and solid slabs structures were described and results from twenty test samples are presented. Each specimen was subjected to an incremental axial loading of 1 kN interval after 28 days of casting. The flexural moments, deflections and crack width at failure were obtained. The experimental flexural crack and theoretical flexural cracks for both types of slabs were compared. The result for flexural moments for waffle was 5.526 kNm, while solid slab was 3.684 kNm. The deflections showed that waffle slabs has 3.64 mm while solid has 9.28 mm, hence waffle has a higher structural stiffness than solid slabs, but the flexural cracks did not give the same results especially for the estimated crack width. It was concluded that estimated results based on developed equations may not be accurate because it is based on ideal situation.
Introduction


Reinforced concrete slabs are one of the most common structural engineering elements. They are used as floors and roofs, to carry vertical loads in commercial structures such as buildings and bridges. A slab is part of a reinforced concrete structure which is often subjected to bending (tensile or compressive) but in rare cases, subjected to shear, such as a bridge deck. In most cases, slabs are horizontal members but they can be used as vertical members, such as walls, to infill panels, side to drains and sewers appurtenances [1] .
Waffle slab has its genesis in a rather thick solid-slab floor from which the bottom layer concrete in tension is partially replaced by their ribs along orthogonal directions. The ribs are reinforced with steel to resist flexural tensile stresses. The dimensions and spacing of ribs are decided in a manner so as to achieve better load distribution without requiring the shear reinforcement [2] . Waffle slabs are generally employed in large span slabs, as spans become larger still, the required slab thickness for the flat plate and flat slab increases to the point where the slab may be unable to carry its own weight. A solution to this is to provide thickness so that reinforcement can be placed in a member at greater depth, but remove concrete from regions of the slab not required for strength [3] . It is an extension of the ribbed floor slab in which the slab is ribbed in two directions. Hence, an inverted pot-like hollow is formed which serves as the ceiling for the floor below. Waffle slabs are all concrete. The inverted pot-like shape is formed through the use of a special mould. When compared with the conventional solid flat slab construction, waffle slabs allow a considerable reduction in dead load and can support heavy loads over a long span [4] . It is commonly used in parking garages of tall buildings with ramps and also in industrial facilities and warehouses [5] and meet fire proofing requirements [6, 7] . Also, it has the advantage of medium to long span, light weight, economical in material usage and profiles may be expressed architecturally or used for heat transfer [8] . This slab is usually employed for architectural and structural reasons for large rooms such as auditoria, vestibules, theatre halls, and show rooms of shops where column-free-space is often the main requirement [9] . According to Howard and Hansen [10] , waffle floors are used extensively in semiconductor factories as they provide high impedance mounts for manufacturing equipment that is extremely vibration sensitive. Also, it has been used for cooling towers, storage tanks, communication shelters, barriers and retaining walls, artificial reefs, building walls, and hybrid columns and beams [11] . Deflection in slab can occur due to some factors like overloading, under-reinforcement and poor span/depth ratio. Under overloading, failure of a slab will occur when the reinforcement yields first in a region of high moments. According to Wang et al. [12] , when concrete is under triaxial compressive loading, both its strength and ductility will have a significant increase as a result of resistance to the compressive force by the concrete materials. Initially, at service load, the response of a slab is elastic with maximum steel stress and deflection occurring at the center of the slab. At this stage, it is possible that some hairline cracking will occur on the suffix where the flexural tensile capacity of the concrete has been exceeded at mid span. Increasing the load hastens the formation of these hairline cracks. Further increment of the load will increase the size of the cracks and induce yield of the reinforcement, initiating the formation of large cracks emanating from the point of maximum deflection [13] . This portion acts like a plastic hinge. On increasing the load further, the hinging region rotates plastically and the moments due to additional loads are redistributed to adjacent sections, the concrete section at the position of a yield line is incapable of carrying any further load, causing them to collapse [14] .
Thus, this work has looked into the structural characteristics of both waffle and solid slab models in reaction to axial load to determine the deflections, crack width and bending moments.
Materials and Method
Description of Specimens
A total of twenty model samples were used for the experiment. Ten samples each were used for the waffle and solid slabs, respectively. These samples were subjected to axial loads using five samples per panel. Two types of panels were used for each of the waffle slabs and solid slabs, respectively. The small sized panels was 900 mm × 300 mm in dimension (W1 for small waffle and S1 for small solid), but were supported on all four sides, while the large panels has dimension 1,353 mm × 430 mm (W2 for large waffle and S2 for large solid), but were simply supported on the two short sides. Total depth of waffle slab adopted was 50 mm with the slab portion having 15 mm depth, waffle slabs are assumed to have band beams along all four edges. Width of band beams was taken to be 30 mm and ribs width was 20 mm. W1 has its rib spacing in the long span to be 200 mm and 170 mm on the short span, while W2 has 260 mm and 135 mm rib spacing on the long and short spans, respectively, the solid slab has a depth of 40 mm.
The steel reinforcements used in the waffle slabs were 1R6 mm for the major and minor ribs each, while plain 2.5 mm/D98 wire mesh was used in the slab portion. For the solid slabs, the reinforcement used was 6R-100 mm c/c. The reinforcement was arrived at as a result of theoretical analysis and design adopting a live load of 3 kN/m 2 . Live load factor 1.6
and dead load factor 1.4 were adopted.
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Experimental Setup and Procedure
The present study has been carried out using concrete strength of 20 N/mm 2 at 28 days and steel tensile stress of 250 N/mm 2 (plain low yield steel).
The deflections of the concrete specimens for the bending test were measured by means of a digital dial gauge with sensitivity of 0.01 mm. The dial gauge was placed at the top of the slab and held in place by the use of steel frame clamped on to the test machine. The crack widths were measured at failure load using a vernier caliper. The slabs were loaded using universal tensile machine. The models were placed on welded steel frame to give it good supports and placed in between the loading machine. Deflections of the slabs were measured at an interval of 1 kN until the failure of the system. The average mean value of the five results for each of the models samples was used. The bending moments of each slab was obtained using the yield line theory formulae by Kennedy and Goodchild [13] (Eq. (1)). 
Results and Discussion
Comparison of Bending Moments of Waffle Slabs and Solid Slabs
The results for waffle W1 and solid S1 showed that the flexural moments of the waffle slab is higher than that of the solid slabs by 22%. Waffle slab W2 was 33% higher than solid slab S2 in flexural strength, (Table 1) , it was observed that waffle slabs have higher flexural rigidities than solid slabs. This supports the advantages of waffle slabs over solid slabs in terms of ability to support heavy loads over a long span without increasing the depth.
This advantage is as a result of the presence of ribs in waffle slabs which act as flanged beams within the slab system. The bulk of the tensile load is carried by the ribs that span in both ways. This helped in the equal distribution of the load over the entire span to the supports at the slab edges. The contribution of reinforcement to this advantage can not be ruled out also, because the presence of reinforcement in the slab portion and the ribs of waffle slabs gave it an advantage over solid slabs which has reinforcement in it tensile zone only.
Displacements Results for Specimens
The deflection of each slab was obtained, the variation in the results of waffle slabs and the corresponding solid slabs were compared with each other and the graph of load against deflection was plotted ( Figs. 1 and 2) .
It was observed in Fig. 1 that solid slab S1 deflected more than waffle slab W1. The deflection of S1 continued gradually forming a curve until there was a sudden change in direction at 3 kN. This continued on a straight line until failure at 7 kN. The waffle W1 curve was gradual, in fact, it maintained a parallel deflection below 1 mm for a long time until it got to 7 kN where there was a sudden change in direction untill final failure at 9 kN. The straight line formed from 7 kN to failure indicated that the elastic limit was exceeded at this point. The same condition applied to S1. When it got to 3 kN, the elastic limit was exceeded, hence the straight line from this point to failure load. The rate at which slab S1 deflected showed that its ability to fail rapidly under overload is higher compared to W1 and it also failed earlier. This confirmed that it cannot withstand as much load as the corresponding waffle slab. . It was observed in Fig. 2 , that solid slab S2 deflected more than waffle slab W2. The deflection of S2 continued gradually forming a curve until there was a sudden change in direction at 10 kN. This continued on a straight line until failure at 12 kN. The waffle W1 curve was gradual, in fact, it maintained a parallel deflection below 1 mm for a long time until it got to 12 kN, where the elastic limit was exceeded. The same condition applied to S2, when it got to 10 kN, the elastic limit was exceeded. The rate at which slab S2 deflected showed that its ability to fail rapidly under overload was higher compared with W2 and it actually failed earlier. This confirmed that it cannot withstand as much load as the corresponding waffle slab. Both slabs were simply supported on two sides. In general, it was observed that all the waffle slab specimens had better slab stiffness over corresponding solid slab. This must be as a result of the presence of ribs that was under tension in the various waffle slabs. If the corresponding solid slab is to have the same amount of slab stiffness like the waffle slab, the depth of such solid slab and the reinforcement provided will have to be increased. This solution is not the best and it is not economical. The nature of all the curves (for both waffle and solid slabs) has shown that concrete is ductile, and it can be classified as an elastoplastic material. Such material behave in an elastic manner until the elastic limit is reached after which they behave plastically.
Crack Growth and Modes of Failure
Cracks appeared at the bottom surface of concrete slabs whenever the tensile stresses exceeded the modulus of rupture of the concrete. The first crack appeared at the middle of the slab and developed slowly across the width of the slab (i.e., parallel to the supports). As the static load was increased, more flexural cracks was developed and slowly propagated throughout the thickness of the slabs, this action continued until the failure load of the slab was reached. Figs. 3 and 4 showed the crack patterns formed by waffle slab and solid slab, respectively.
Flexural Cracking
Members subjected to bending generally exhibit a series of distributed flexural cracks, even at service load. These cracks are harmless and can not cause any damage to the structure unless the widths become excessive [15] . Excessively wide cracks can be unsightly and spoil the appearance of an exposed concrete surface. They can allow the ingress of moisture accelerating corrosion of the reinforcement and durability failure, in exceptional cases, they can reduce the contribution of the concrete to the shear strength of a member [16] .
The crack width at service for both the waffle and solid slabs were estimated and was compared with the experimental crack width at failure ( Table 1 ). The results showed that solid slabs have lower crack width, if compared with corresponding waffle slabs at service. This is because the estimated crack width in waffle was based on the slab portions only, the ribs were not considered. The depth of the slab portion is small if compared with that of the solid slab, also the size of reinforcement used (wire mesh) in the slab portion is small if compared to the steel reinforcement used in the solid slabs and these are the parameters used to determine the estimated crack width.
It should be noted that the estimated crack widths equation is to predict crack at service, not at failure load that was carried out in this study. In the experiment, the crack width at failure in waffle slabs is smaller than that of solid slabs. The presence of ribs in the waffle reduced the effect of load on the slab portion, since the ribs were directly exposed to tensile forces instead of the slab portion. The solid slabs were, however, exposed to the direct tensile forces which resulted in the large flexural cracks that were formed at failure load.
The estimated crack width was calculated using Eq. (2) by Mosley et al. [15] . where, a cr is the spacing of reinforcement from crack surface; C min is the minimum cover of reinforcement; h is the effective depth of slab; x is the depth of neutral axis; ε m is the average concrete strain; w max is the estimated maximum crack width.
Conclusions
As a result of the experiments, it carried out on the study of twenty numbers of solid and waffle slab models, with the same depth, grade of concrete and material properties. The deformation characteristics of the concrete used in the slabs which includes flexural tensile strength, deflections and flexural cracks were recorded. The results showed that solid slabs failed earlier than waffle slabs, the support conditions did not prevent this from happening. Deflection in solid slab is higher than waffle slab due primarily to the early loss of stiffness and the formation of large crack width at failure load. Although the estimated (theoretical) crack width from equation showed that solid slab have lower crack width than waffle slab, this is in contrast to the experimental results. The test on specimens has showed that estimated results from equations may not be accurate because the results are based on ideal situations that are assumed to be perfect especially during the service year of the structure, while the practical results are based on the situation on ground which may not be as perfect as expected due to various unforeseen conditions, but it gave results that very close to reality. Due to the behaviour of solid slabs in deflection and its early failure, it cannot be used for a very large span floor like waffle slabs that can be effectively used for very large span floor.
